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NON-LINEAR EQUALIZER IN A COHERENT
OPTICAL RECEIVER

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims benefit under 35 U.S.C. 119(e)

from U.S. Provisional Patent Application Ser. No. 60/728,
751, entitled Automatic Gain Control, which was filed on Oct.

21, 2005.

TECHNICAL FIELD

The present invention relates to optical communications
networks, and 1n particular to a non-linear equalizer 1n a
coherent optical recerver.

BACKGROUND OF THE INVENTION

Optical signals recerved through conventional optical links
are typically distorted by significant amounts of chromatic
dispersion (CD) and polarization dependent impairments
such as Polarization Mode Dispersion (PMD), polarization
angle changes and polarization dependent loss (PDL). Chro-
matic dispersion (CD) on the order of 30,000 ps/nm, and
polarization rotation transients at rates of 10° Hz are com-
monly encountered. Various methods and systems intended to
address some of these limitations are known 1n the art.

FIG. 1 schematically illustrates a representative coherent
optical recerver capable of implementing the methods of
Applicant’s co-pending U.S. patent application Ser. Nos.
11/294,613 filed Dec. 6, 2005 and entitled ‘“Polarization
Compensation In A Coherent Optical Recerver”; 11/315,342
filed Dec. 23, 2005 and entitled “Clock Recovery From An
Optical Signal With Dispersion Impairments™; 11/315,345
filed Dec. 23, 2005 and entitled “Clock Recovery From An
Optical Signal With Polarization Impairments™; 11/366,392
filed Mar. 2, 2006 and entitled “Carrier Recovery In A Coher-
ent Optical Receiver”; and 11/423,822 filed Jun. 13, 2006 and
entitled “Signal Acquisition In A Coherent optical Receiver”,
the content of all of which are hereby incorporated herein by
reference.

As may be seen 1n FIG. 1, an inbound optical signal 1s
received through an optical link 2, split into orthogonal
received polarizations by a Polarization Beam Splitter 4, and
then mixed with a Local Oscillator (LO) signal 6 by a con-
ventional 90° optical hybrid 8. The composite optical signals
10 emerging from the optical hybrid 8 are supplied to respec-
tive photodetectors 12, which generate corresponding analog,
clectrical signals 14. The photodetector signals 14 are
sampled by respective Analog-to-Dagital (A/D) converters 16
to yield raw multi-bit digital signals 18 corresponding to
In-phase (I) and Quadrature (QQ) components of each of the
received polarizations.

The resolution of the A/D converters 16 1s a balance
between performance and cost. It has been found that a reso-
lution of n=3 or 6 bits provides satisfactory performance, at an
acceptable cost. The sample rate of the A/D converters 16 1s
selected to satisiy the Nyquist criterion for the highest antici-
pated symbol rate of the received optical signal.

From the A/D converter 16 block, the respective n-bit I and
Q signals 18 of each received polarization are supplied to a
respective dispersion compensator 20, which operates on the
raw digital signal(s) 18 to at least partially compensate chro-
matic dispersion of the received optical signal.

The dispersion-compensated digital signals 22 appearing
at the output of the dispersion compensators 20 are then
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2

supplied to a polarization compensator 24 which operates to
compensate polarization effects, and thereby de-convolve
transmitted symbols from the complex signals 22 output from
the dispersion compensators 20. If desired, the polarization
compensator 24 may operate as described 1n Applicant’s co-
pending U.S. patent application Ser. No. 11/294,613 filed
Dec. 6, 2005. The output of the polarization compensator 24
1s a pair ol multi-bit estimates 26 X'(n) and Y'(n) of the
symbols encoded on each transmitted polarization. These
symbol estimates 26 X'(n), Y'(n) contain both amplitude and
phase information of each transmitted symbol, and include
phase error due to the frequency offset between the Tx and LO
frequencies, laser line width and phase noise. In some
embodiments, the symbol estimates 26 are 10-bit digital val-
ues, comprising 5-bits for each of real and 1maginary com-
ponents of each symbol estimate.

The symbol estimates 26 X'(n), Y'(n), appearing at the
output of the polarization compensator 24 are then supplied to
a carrier recovery block 28 for LO frequency control, symbol
detection and data recovery, such as described in Applicant’s
co-pending U.S. patent application Ser. No. 11/366,392 filed
Mar. 2, 2006.

As may be seen 1n FIG. 2, the carrier recovery block 28 is
divided 1nto two substantially identical processing paths 30;
one for each transmitted polarization. Each processing path
30 recerves a respective stream of symbol estimates 26 output
by the polarization compensator 24, and outputs recovered
symbols 32 of 1ts respective transmitted polarization. Each
processing path 30 includes a decision circuit 33 and a carrier
recovery loop comprising a carrier phase detector 34 and a
phaserotator 36. In general, the phase rotators 36 use a carrier
phase estimate generated by the respective carrier phase
detector 34 to compute and apply a phase rotation K(n) to the
symbol estimates X'(n) and Y'(n) received from the polariza-
tion compensator 24. The resulting phase-rotated symbol
estimates X'(n)e”" and Y'(n)e7*"” are assumed to lie
within the correct quadrant of the QPSK phase diagram.
Accordingly, the decision circuits 40 use each successive
phase-rotated symbol estimate X'(n)e”**’ and Y'(n)e 7" to
generate corresponding recovered symbol values X(n) and
Y (n) having i1deal phase and amplitude values for the quad-
rant 1n which the phase-rotated symbol estimates are located.
The phase detectors 34 operate to detect respective phase
errors A¢ between the rotated symbol estimates X' (n)e7 "
and Y' (n)e”*"” and the corresponding recovered symbol
values X(n) and Y(n). This operation 1s described in detail in
Applicant’s co-pending U.S. patent application Ser. No.

11/366,392 filed Mar. 2, 2006.

An advantage of the system of FIGS. 1 and 2 1s that reliable
signal acquisition, clock recovery, compensation of disper-
sion and polarization eflects, carrier recovery and Local
Oscillator (LO) control can be accomplished, even 1n the
presence ol moderate-to-severe optical impairments. Taken
in combination, these elements enable the deployment of a
coherent optical recerver 1n real-world optical networks, with
attractive signal reach and line rate characteristics. A limita-
tion of this system, however, 1s that 1n severely impaired
environments, the bit error rate (BER) of the recovered sym-
bol values X(n) and Y(n) may be undesirably increased by
residual Inter Symbol Interference (ISI) and DC offset in the
rotated symbol estimates X'(n) e and Y' (n)e7*"".
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Accordingly, methods and techniques that enable cost
elfective compensation of DC offset and residual ISI 1n a
receiver unit of an optical network remain highly desirable.

SUMMARY OF THE INVENTION

An object of the present invention 1s to provide methods
and techniques that enable carrier recovery 1n a receiver unit
ol an optical network.

Thus, an aspect of the present invention provides a method
of recovering a most likely value of each symbol transmaitted
through an optical communications network using a high
speed optical signal. A stream of multi-bit digital samples of
the optical signal 1s processed to generate a respective multi-
bit estimate X'(n) of each transmitted symbol. A first function
1s applied to each symbol estimate X' (n) to generate a corre-

sponding soft decision value X(n). Each soft decision value

X(n) 1s processed to generate a corresponding hard decision
value X(n) having an ideal amplitude and phase. A plurality of
successive soft decision values and hard decision values are
processed to determine a second function, which 1s applied to

each soft decision value X (n) to generate a most likely symbol
value X(n).

BRIEF DESCRIPTION OF THE DRAWINGS

Further features and advantages of the present invention
will become apparent from the following detailed descrip-
tion, taken 1 combination with the appended drawings, in

which:

FIG. 1 1s a block diagram schematically illustrating prin-
cipal elements and operations of a coherent optical recerver
known from Applicant’s co-pending U.S. patent application

Ser. Nos. 11/294,613; 11/315,342; 11/315,345; 11/366,392;
and 11/423,822;

FIG. 2 15 a block diagram schematically illustrating prin-
cipal elements and operations of a carrier recovery block
usable 1n the coherent optical recerver of FIG. 1;

FIG. 3 1s a block diagram schematically illustrating prin-
cipal elements and operations of a carrier recovery block and
a non-linear compensator implementing methods 1n accor-
dance with a first embodiment of the present invention;

FI1G. 4 15 a block diagram schematically illustrating prin-

cipal elements and operations of the non-linear compensator
of FIG. 3;:

FIG. 5 1s a flow chart 1llustrating principle steps in a rep-
resentative method for determining most probable symbol
value estimates for each possible soft decision value, usable
in the embodiment of FIG. 4;

FIG. 6 1s a table used in the method of FIG. 5;

FIG. 7 1s a block diagram schematically illustrating prin-
cipal elements and operations of a second coherent optical
receiver, implementing methods of the present invention;

FIGS. 8a and 85 are block diagrams 1llustrating operation
of the distribution block of FIG. 7;

FIG. 9 1s a block diagram 1llustrating an alternative non-
linear compensator block usable 1n the embodiment of FIGS.

7 and 8a-b;

FIGS. 10a and 105 are block diagrams illustrating an alter-
native operation of the distribution block of FIG. 7; and

FI1G. 11 1s a block diagram 1llustrating an alternative non-

linear compensator block usable 1n the embodiment of FIGS.
7 and 10a-b.

It will be noted that throughout the appended drawings,
like features are 1dentified by like reference numerals.
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4
DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

The present invention provides methods and techniques for
compensation of non-linear impairments 1n a receiver unit of
an optical network. Embodiments of the present invention are
described below, by way of example only, with reference to

FIGS. 3-11.

In general, the present mvention provides a system 1n
which compensation of residual ISI and DC offset 1s per-
formed by digitally processing symbol value decisions gen-
crated by the carrier recovery block 28. FIG. 3 schematically
illustrates a representative system implementing methods of
the present invention.

Asmay be seen1n FIG. 3, a preferred system 1n accordance
with the present invention comprises a carrier recovery block
38 and a non-linear compensator (NLC) 40 connected 1n
series. Preferably, the carrier recovery block 38 1s virtually
identical to that of FIG. 2, except that, instead of recovered
symbol values 28 X(n), Y(n), the carnier recovery block 38
outputs respective hard and soit symbol value decisions for
cach transmitted polarization. In the embodiment of FIG. 3,
the rotated symbol estimates X'(n)e” " and Y'(n)e 7" are
tapped and output as corresponding soft decisions 42 X'(n),

Y(n). The recovered symbol values 32 X(n), Y(n) output by
the carrier recovery block of FI1G. 2 are, 1n the embodiment of
FIG. 3, treated as the corresponding hard decision values 44
X(n), Y(n).

The relationship described above between the soft deci-
sions 42 (i.e. the rotated symbol estimates X'(n)e”*"” and
Y'(n)e7*"” and the hard decisions 44 remain unchanged. That
1s, the soft decisions 42 are symbol estimates (output from the
polarization compensator 24) which have been rotated to
compensate frequency mismatch between the Local Oscilla-
tor 6 and the received carrier. While the soft decisions 42 are
assumed to lie within the correct quadrant of the QPSK space,
this assumption may be inaccurate due to residual ISI and DC
offset. The hard decisions 44 are symbol estimates having
ideal amplitude and phase for the quadrant in which the soft
decisions 42 are located. As such, to the extent that ISI and DC
olflset can erroneously shift a soft decision 42 into the wrong

quadrant, the corresponding hard decisions 44 will also be
inaccurate.

As maybe seen 1 FIG. 3, the NLC block 40 generally
comprises, for each polarization, a respective NLC decision
block 46 which processes the soft decisions 42 to generate
symbol decision values 48 in which DC offset and residual
ISI have been at least partially compensated. A parameter
calculator 50 uses both the hard decision values 44 and the

soit decision values 42 to determine a set of parameter values
52 used by the NLC decision block 46.

In some embodiments, the NLC decision block 46 imple-
ments a Bayesian rule to estimate a most likely symbol value
48, based on the soft decisions 42 received from the carrier
recovery block 38. One method of implementing this opera-
tion 1s through the use of a look-up table (LUT) in which each
successive solt decision value 42 1s used to address a corre-
sponding LUT register which contains the estimated symbol
value 48. In such cases, the parameter calculator 50 operates

to calculate, for every possible soft decision value X(n), Y(n)

the corresponding symbol value estimate X(n), ‘?(11) which 1s
then stored 1n the appropriate LUT register.

In some embodiments, the Bayesian rule 1s implemented
by calculating a respective probability for each possible value
of a transmitted symbol, given an input array of symbol
estimates, and then selecting the symbol value which has the
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highest probability. For example, consider a, QPSK encoded
signal. Each symbol can take on one of four possible values
(1.e. 00, 10, 01, 11). A respective probability that a soit deci-

sion value X(n-1) corresponds to each can of these values,
grven an input array X, Y of hard decision values, can be
computed. In principle, any desired number of hard decision
values can be used in the mput array. In embodiments in
which the dispersion compensator 20, polarization compen-
sator 24 and carrier recovery block 28 are effective in com-
pensating linear impairments, an mput array of three consecu-
tive hard decision values (e.g. X= {X(n) X(n—l) X(n—2)})
can be used. In such cases, and assuming that noise 1s Gaus-
s1an distributed with Variance

the respective probability that a soft decision value X(n-1)
corresponds to each one of the possible symbol values (00,
10,01, 11), can be represented as:

Y N ) P
P(}?(n_l)‘}{)mexpl_‘X(ﬂ—l)—J[X(n);:;(n 1), X(n 2)]‘

\, J

In this formulation, 3[X(n), X(n-1), X(n-2)] is an “ISI
compensation value”, which models the frequency with

which the soft dec131011 value X(n- 1) occurs 1n the presence
ofthe input array X={X(n), X(n-1), X(n-2)} ofhard decision
values. This value can be accumulated from the hard and soft
decision values generated by the carrier recovery block 28, as
will be described 1n greater detail below.

The most likely value for the transmitted symbol can then
be represented by:

Xin-1) =

4 — 2
‘X(n _D=T[Xm), X(n=1), X(n— 2)]‘

arg max E exp| — ~
0

As may be appreciated, 1n some cases the parameter P(m)
may be represented as a Euclidian distance metric, in which

case the symbol value corresponding with the lowest value of
P(m) would be selected.

FIG. 4 illustrates a representative implementation of this
operation 1n greater detail. In the embodiment of FIG. 4, the
parameter calculator 50 comprises a look-up table (LUT-1)
54, a processor (DSP) 56, and a training loop 58 for updating
the values stored in LUT-1 54. For convenience of descrip-
tion, the parameter calculator 50 and decision block 46 are
shown for the X-polarization only. It will be appreciated that
the Y-polarization parameter calculator 50y and decision
block 46y will be substantially identical.

The look-up table (LUT-1) 54 operates to receive three
consecutive hard decision values X(n), X(n—-1) and X(n-2),
which are simply concatenated together at the LUT-1 address
input to access the desired register of the look-up-table 54. In
embodiments in which each hard decision value 44 1s a 2-bit
binary value, this yields a 6-bit binary address Addr (=16*
X(n-1)+4*X(n)+X(n-2), for example), capable of accessing
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up to 64 registers of the LUT-1 54. The content of each
register of LUT-1 54 1s an ISI-compensation value 3, [ Addr]
60 which can be used by the processor 56 to compute the
highest probability symbol value estimates 52 for the NLC
decision block 46. In some embodiments 3, [ Addr| contains
10-bits real and 10-bit imaginary values in 2°s complement,
1.€., 1t 1s regarded as a complex number I+1*Q).

In the embodiment of FIG. 4, each ISI-compensation value
3 [Addr] stored in the LUT—l 54 1s updated during each

Symbol period by the training loop 58, based on a delayed soft

decision value X(n-1) 62 and the previously stored value
S . [Addr]. One possible update, computation 1is:
3 [Addr]=3, [Addr]+u,yJo*X(n-1)-3,  [Addr]], (where
. 1s a scaling factor used to adjust the number of blts resolu-
tion of X(n-1) to equal that of I, [Addr]; and ,,.-is a training

step size, which can be selected to provide a desired adapta-
tion response. For example, consider an embodiment in

which the real and imaginary components of X(n-1) (re-
garded as a complex number) are 5 bits each and 3, [Addr] 1s
a complex number with 10-bit real and 10-bit 1maginary
values. In such cases, a=32, in order to convert each 5-bit

component of X(n-1) into a 10-bit value. In general, it is
desirable that the adaptation response be comparatively slow,
which can be accomplished by setting 1., to a suitably low
value. In practice, a value of 1,,- between 27> and 2" (and
preferably near 27%) has been found to yield acceptable per-
formance.

At system start-up, 1t 1s preferable to default all of the
LUT-1 register values to zero, which corresponds to an
assumption ol zero residual ISI. This allows the traiming loop
58 to gradually increase ISI compensation as needed.

The processor 56 uses the ISI-compensation values
3, [Addr] stored in LUT-1 54 to calculate, for every possible

soft decision value 42 X(n), Y(n) the most likely symbol

value estimate 48 X(n), Y(n). FIG. 5 illustrates a representa-
tive process for performing this operation, for a case in which
noise 1s assumed to be Gaussian distributed with variance

(Where N, represents an expected noise floor). Here again, it
will be seen that FIG. §, refers specifically to X-polarization
values. It will be appreciated that the same process 1s used for
the Y-polarization.

As shown 1n FIG. §, for each possible value A (a complex
number with 5-bit resolution 1n 2’s complement for 1ts real
and 1maginary parts) of the soft decision 42, an array of
distance metrics M(m,]) are calculated (at step S2). For QPSK
and 4ASK encoded, symbols,

3 Y
Mim. )= |+ A 1.556??1 + ]
0
(m—0...3,7=0...15), whereas for BPSK encoded symbols,
= A~ 3 [4m + jI°
Mm. J) = 0 . m j
(m=0...1,j=0...3). In some embodiments, it is usetul to

arrange Addr= 16*X(11—1)+4*X(11)+X(n—2) as this ensures
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that each row of M(im,}) corresponds with unique one of the
possible symbol values. In both formulations, N, represents
an expected noise floor.

corresponds to approximately 21 dB SNR for QPSK/BPSK:
encoded symbols and approximately 19 dB SNR for 4ASK

encoded symbols.

For each row (m) of the array, the probability parameters
P(m) can be calculated using a recursive calculation (at step

S4) as follows:

Pm)=M(m, O)xq

' |M (& )—Pim)|
P(m) = —min{ M (m, k), P(m)} + ﬂﬂﬂr[::m L:-.g(l re @ ) n 0.5]

Where k=1 . .. 3 for BPSK encoded symbols andk=1...15
for QPSK and 4ASK encoded symbols. The result of this
recursive operation 1s a set of probability parameter values
P(m), m=0...1for BPSKandm=0...3 for QPSK and 4ASK
encoded symbols, which models the probability that a trans-
mitted symbol corresponds with each one of the possible
values. An index value m=m, which corresponds to max|[P
(m)] 1s then selected (at step S6), and can be mapped to the
most probable symbol value X(n) corresponding to the soft

decision value X(n)=A (at step S8) using the table of FIG. 6,
and saved 1n the appropriate register of the NLC decision

block.

In the above-described embodiment, the most probable
symbol value X(n) 1s computed for each possible soit deci-

sion value X(n)=A. As mentioned above, in some cases, the
probability function an be replaced by a Euclidian distance
metric. In this case, the above-described processing steps are
used, but with simplified distance metrics and “probability™
parameter calculations. Thus, the distance metrics computed
above can be simplified to M(m,j)=la*A-J[16m+]l”
(m=0 .. .3,7=0...15), for QPSK and 4ASK encoded
symbols; and M(m,j)=la*A-J[4m+]I> (m=0...1,;=0...3),
for BPSK encoded symbols. The “probability” parameter
P(m), which in this case will represent the Euclidean distance
metric then be computed using

Pim)= ) |axA - J[16m + j)I°,
J

where k=1 . . . 3 for BPSK encoded symbols and k-1 ... 15
for QPSK and 4 ASK encoded symbols. The most likely sym-
bol value X(n) can be found using the value m=m, corre-
sponding to min [P(m)] and the table of FIG. 6.

In the above-described embodiments, the ISI compensa-
tion value 3[Addr] 1s updated, at the full symbol rate, for each
soit decision value 42 recerved from the carrier recovery
block 38, and saved 1n the LUT-1 54 register given by the
corresponding hard decision values X(n), X(n-1) and
X(n-2). However, this is not essential. If desired, a selected
subset of the soft decisions 42 can be used. For example, 1n
some embodiments 1t 1s desirable to format the optical signal
into data bursts comprising a plurality of data symbols, sepa-
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rated by a SYNC burst having a known symbol sequence. In
such cases, it may be beneficial, to compute ISI compensation
values 3 [Addr]| using only the known symbols of each
SYNC burst. This can be advantageous because the known
SYNC symbol values can be used to improve the accuracy of
the distance metric M(m,j).

The embodiments described above with reference to FIGS.
2-6 provide a single data path through the recerver. As will be
appreciated, this requires that the carrier recovery block 38
and NLC block 40 operate at the full line rate of the optical
signal. For the case of a 10 Gbaud optical signal, this means
that these blocks must operate fast enough to process symbols
at 10 GHz. In some cases, 1t may be desirable to divide the
data path into a number of parallel paths, which allows at least
the carrier recovery and symbol decision operations to be
performed at a lower rate. A representative coherent optical

receiver 1mplementing such an arrangement 1s described
below with reference to FIGS. 7-11.

In the embodiment of 1n FIG. 7, the receiver front end 1s
substantially identical to that of FIG. 1. Thus, an imnbound
optical signal 1s recerved through an optical link 2, split into
orthogonal polarizations by a Polarization Beam Splitter 4,
and then mixed with a Local Oscillator (LO) signal 6 by a
conventional 90° optical hybrid 8. The composite optical
signals 10 emerging from the optical hybrid 8 are supplied to
respective photodetectors 12, which generate corresponding
analog signals 14. The analog photodetector signals 14 are
sampled by respective Analog-to-Digital (A/D) converters 16
to yield multi-bit digital signals 18 corresponding to In-phase
(I) and Quadrature (QQ) components of each of the received
polarizations, which are then processed by the dispersion
compensators 20 as described above.

In the embodiment of FIG. 7, the dispersion-compensated
sample streams 22 appearing at the output of the dispersion
compensators 20 are then supplied to a 1:M distribution unit
64, which operates to partition the dispersion compensated
sample streams 22 into M parallel sample streams, each of
which can be processed at a lower sample rate (by a factor of
M).

In the illustrated embodiments, the distribution unit 64 1s
implemented as a “burst switch™ controlled by a framer 66, to
generate overlapping blocks of samples 68 (FIG. 8). One
implementation of a burst switch may, for example, include a
multi-port Random Access Memory (RAM), which provides
a respective set of registers for each data path. This arrange-
ment allows samples to be simultaneously supplied to two or
more data paths, while at the same time accommodating the
change 1n clock speed.

FIG. 8a shows an embodiment in which each block of
samples 68 encompasses two consecutive SYNC bursts 70,
and any data symbols lying between them. In this case, the
amount of overlap between sample blocks 68 1n adjacent data
paths 1s nominally equivalent to one SYNC burst 70. In some
cases, 1t may desirable to increase the amount of overlap (e.g.
by about the width of the polarization compensators) to
ensure continuity of polarization compensation across all of

the samples encompassing both of the involved SYNC bursts
70.

In the embodiment of FI1G. 85, each block of samples 68 1s

centered on a SYNC burst 70, and nominally spans half of the
data samples between the imnvolved SYNC burst 70 and each
of the immediately preceding and following SYNC bursts. A
number of “butler” samples, which may be equal to the width
of the polarization compensator 24, are added at each end of
the sample block 68 to ensure continuity of polarization com-
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pensation. These buffer samples define the minimum desir-
able amount of overlap between sample blocks 68 1n adjacent
data paths.

Returming to FIG. 7, each data path includes a respective
polarization compensator 24, carrier recovery block 38 and
NLC block 40, all of which can operate substantially as
described above with reference to FIGS. 2-6.

FIG. 9 illustrates an alternative embodiment of the NCL
block 40, 1n which calculation of ISI-compensation values
J [Addr], distance metrics M(m,j), and the most probable
symbol value X(n) for each possible soft decision value

X(n)=A is performed on one path, and the results propagated
to NLC decision blocks 46 of neighbouring data paths. This
approach assumes that DC oflset and residual ISI will atfect
all of the data paths 1n approximately the same manner.

As may be appreciated, by suitably selecting the order 1n
which data samples are read from the distribution block 64, 1t
1s possible to reverse the time-order of the sample stream, so
that the above-described methods can be used to process data
samples that lead the SYNC burst 70 in the optical signal.
Thus, for example, the sample blocks 68 of FIGS. 8a and 85
may be divided into sub-blocks 72 as shown m FIGS. 10q and
1056. In this case, each data path 1s divided into respective
“forward” and “‘reverse” processing sub-paths 74, each of
which operates as described above with reference to FIGS.
2-7, except that the samples within the “reverse” processing
paths 74, are time-reversed. As shown 1n FIG. 11, each NLC
block 40 1s divided nto respective “forward” and “reverse”
sub-blocks 40, 40. In this case, calculation: of ISI-compen-
sation values J3[Addr], distance metrics M(m,j), and the most
probable symbol value X(n) for each possible soft decision

value X(n)=A is performed in the forward sub-block 40 ., and
the results propagated to the reverse sub-block 40,,.

As may be appreciated, the time-order of the symbol values
output from the reverse-path NLC sublock 40, must be
reversed prior to recombining the two symbol streams.

In the foregoing embodiments, the NLC block 40 utilizes a
number of successive hard decision values X(n) to determine
respective ISI-compensation values 3 [Addr] for each pos-

sible soft decision value X(n)=A. This arrangement is advan-
tageous 1n that it can be implemented with, a relatively small
circuit, particularly in embodiments 1in which dispersion,
polarization, clock, and Local Oscillator phase have already
been subject to linear compensation which reduces the range
of the residual degradations. However, this 1s not essential.

For example, alternative methods can use more symbols

can use soft decisions X(n) instead of hard decisions X(n) to
obtain the ISI compensation value; and/or can use more com-

plex nonlinear equalization algorithms such as Viterb1, MLSE
or MAP.

In a further alternative, any of the linear compensation
stages, described above (1.e. the dispersion compensators 20,
polarization compensators 24 and carrier recovery block 28)
can be made nonlinear, 11 desired. Non-linear compensation
steps of this type may be used alone, or in combination with

applying nonlinear compensation to the soft decisions X(n).
For example, the polarization compensators 24 could be
designed to implement a nonlinear polarization compensa-
tion method, so as to directly compensate nonlinear polariza-
tion degradations arising from Kerr efl

ect. Stmilarly, the dis-
persion compensator 20 could be made nonlinear to directly
compensate the nonlinear Self Phase Modulation etfects.
Where suflicient degradation range and adaptation speed can
be obtained for the required application, complex nonlinear
equalization methods such as Viterbi, MLSE or MAP can be

used in these stages. The implementation complexity of non-
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linear methods generally grows exponentially with degrada-
tion range. In many applications it 1s desirable to perform
linear equalization first and then apply a nonlinear equaliza-
tion with a reduced range. Iterations of multiple stages of
linear and nonlinear equalization may be valuable for com-

pensation of distributed degradations such as Self Phase
Modulation.

The embodiments of the mvention described above are
intended to be illustrative only. The scope of the invention 1s
therefore intended to be limited solely by the scope of the
appended claims.

We claim:

1. A method of recovering a most likely value of each
symbol transmitted through an optical communications net-
work using a high speed optical signal, the method compris-
ing, in a recerver ol the network, steps of:

a data path of the receiver processing a stream of multi-bit
digital samples of the optical signal using a first com-
pensation function to generate a respective soft decision

value X(n) of each transmitted symbol; and
a non-linear compensator applying a second compensation

tunction to each soft decision value X(n) to generate a
most likely symbol value X(n);

wherein processing the stream of multi-bit digital samples
of the optical signal comprises:

processing the multi-bit digital samples to generate
multi-bit symbol estimates X'(n) of transmitted sym-

bols; and

rotating a respective phase of each symbol estimate
X'(n) to compensate a frequency mismatch between a
local oscillator and a carrier of the optical signal.

2. A method as claimed 1n claim 1, wherein the first com-
pensation function comprises a linear equalization function
for at least partially compensating any one or more of linear
dispersion, linear polarization distortions and carrier phase
CITOr.

3. A method as claimed 1n claim 2, wherein the first com-
pensation function further comprises a non-linear equaliza-
tion function for compensating either one or both of non-
linear dispersion and non-linear polarization effects.

4. A method as claimed 1n claim 2, wherein the step of
processing the stream of multi-bit digital samples to generate
multi-bit symbol estimates X'(n) of transmitted symbols com-

prises steps of:

processing the multi-bit digital samples to generate a dis-
persion compensated symbol stream; and

deconvolving a transmitted polarization from the disper-
sion compensated symbol stream to generate a respec-
tive stream of multi-bit symbol estimates X'(n).

5. A method as claimed in claim 1, wherein the second
compensation function comprises a non-linear equalization
function for at least partially compensating a residual Inter-
Symbol Interference (ISI) of the multi-bit symbol estimates.

6. A method as claimed in claim 4, wherein the step of
applying a second compensation function to each soft deci-

sion value X(n) comprises steps of:

processing each soft decision value X(n) to generate a
corresponding hard decision value X(n) having an ideal
amplitude and phase;

processing a plurality of successive soit decision values

and hard decision values to accumulate an ISI compen-
sation value for each possible value A of the soft decision

value X(n);
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determining a mapping between each possible value A of

the soft decision value X(n) and a respective most likely
symbol value X(n); and

applying the mapping to each soft decision value X(n).

7. A method of recovering a most likely value of each °
symbol transmitted through an optical communications net-
work using a high speed optical signal, the method compris-
ing, 1n a recerver ol the network, steps of:

a data path of the receiver processing a stream of multi-bit
digital samples of the optical signal to generate a respec-
tive multi-bit estimate X'(n) of each transmaitted symbol;

a carrier recovery block of the recerver applying a first
function to each symbol estimate X'(n) to generate a
corresponding soft decision value X(n), wherein apply-
ing the first function comprises rotating a respective
phase of each symbol estimate X'(n) to compensate a
frequency mismatch between a local oscillator and a
carrier of the optical signal;

the carrier recovery block further processing each soft
decision value X(n) to generate a corresponding hard
decision value X(n) having an ideal amplitude and
phase;

a parameter calculator processing a plurality of successive
soit decision values and hard decision values to deter-
mine a second function; and

a non-linear compensator applying the second function to

each soft decision value X(n) to generate a most likely
symbol value X(n).

8. A method as claimed in claim 7, wherein the step of
processing a stream of multi-bit digital samples of the optical
signal comprises steps of:

processing the multi-bit digital samples to generate a dis-
persion compensated symbol stream; and

deconvolving a transmitted polarization from the disper-
sion compensated symbol stream to generate a respec-
tive stream of multi-bit symbol estimates.

9. A method as claimed 1n claim 8, wherein the step of
deconvolving a transmitted polarization from the dispersion
compensated symbol stream comprises a step of compensat-
ing a polarization angle difference between the transmitted
polarization and the received optical signal.

10. A method as claimed 1n claim 7, wherein each multi-bit
symbol estimate comprises a respective multi-bit estimate of
amplitude and a phase components of a corresponding trans- 4°
mitted symbol.

11. A method as claimed 1n claim 7, wherein the stream of
multi-bit digital samples comprises a block of contiguous

samples encompassing at least one SYNC burst and a plural-
ity of data symbols, each SYNC burst having a predetermined "

symbol sequence.
12. A method as claimed 1n claim 7, wherein the step of

processing each soft decision value X(n) to generate a corre-
sponding hard decision value X(n) comprises a step of map-
ping two most significant bits (MSBs) of the soft decision

value X(n) to a corresponding hard decision value X(n) hav-
ing an 1deal amplitude and phase for a quadrant 1n which the

soft decision value X(n) lies.

13. A method as claimed 1n claim 7, wherein the step of 4
processing a plurality of successive soft decision values and
hard decision values to determine a second function com-
prises steps of:

accumulating, for each combination of three consecutive
hard decision values X(n), X(n-1) and X(n-2), an ISI
compensation value 3, [ Addr]| based on a corresponding
soft decision value X(n-1) where Addr is an index value
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determined by the consecutive hard decision values
X(n), X(n-1) and X(n-2); and

for each possible value A of the soft decision value X(n):
using the accumulated ISI compensation values <3

{\Sﬁ'
Addr] to compute an array of distance metrics M(m,
1), where m=0...3,7=0 ... 15 for either one of QPSK

and 4ASK encoded symbols,andm=0...1,7=0...3
for BPSK encoded symbols;

processing the array of distance metrics M(m,j) to obtain
a parameter value P(m); and

mapping the parameter value P(m) to a most likely sym-
bol value X(n) corresponding to the soft decision
value X(n)=A.

14. A method as claimed in claim 13, wherein the ISI
compensation value <3 [Addr] is calculated in accordance
with & [Addr]=S, _,[Addr]+py| 0¥ X (n-1)-S, , [Addr]],
where o 1s a scaling factor used to adjust a number of bits
resolution of X(n-1) to equal that of I, [Addr]; and uNC is a
training step size.

15. A method as claimed 1n claim 14, wherein p,, - has a
value of between 27> and 27°.

16. A method as claimed 1n claim 13, wherein the distance
metrics M(m,}) are calculated in accordance with one of:

laxA—3[16m + f]|°
No

M(m, j) =

for either one of QPSK and 4ASK encoded symbols, where
m=0...3,7=0 ... 15, and N, represents an expected noise

floor; and

oA — 3 [4m + j]|

Mim, j) = N

for BPSK encoded symbols, where m=0 ... 1,1=0 . .. 3;

wherein N, represents an expected noise floor.

17. A method as claimed 1n claim 16, wherein the step of
processing the array of distance metrics M(m,j) to obtain a
parameter value P(m) comprises steps of:

imitializing P(m)=M(m,0)*c.; and

recursively calculating:

_ _ [Mmk ) Pm))|
Pm) = —mun{M (m, k), P(m)} + ﬂGDI‘[ﬂf:!: lmg(l +e o ) + 0.5]

where k=1 . . . 3 for BPSK encoded symbols and
k=1...15 for QPSK and 4ASK encoded symbols.
18. A method as claimed 1n claim 17, wherein the step of
mapping the parameter value P(m) to a most likely symbol
value X(n) comprises steps of:
selecting a value m=m,, which corresponds to max[P(m)];

and

mapping m,, to the most likely symbol value X(n).

19. A method as claimed 1n claim 13, wherein the trans-
mitted symbols are either one of QPSK and 4ASK encoded
symbols, and wherein the distance metrics M(m,j) are calcu-
lated 1in accordance with erther one of:

M(m,j)=la.*A-3[16m+j]l* for either one of QPSK and

4ASK encoded symbols, where m=0...3,7=0... 15,
and N, represents an expected noise floor; and

M(m.j)=la*A-J[4m+j]l* for BPSK encoded symbols;

wherem=0...1,7=0... 3.
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20. A method as claimed 1n claim 19, wherein the step of
processing the array of distance metrics M(m,)) to obtain a

parameter value P(m) comprises steps of:
initializing P(m)=M(m,0)*c.; and
recursively calculating:

Pm)= ) laxA - J[16m + j]I°,
J

where k=1 . . . 3 for BPSK encoded symbols and k=1 . . .
for QPSK and 4 ASK encoded symbols.

15

10

14

21. A method as claimed 1n claim 20, wherein the step of
mapping the parameter value P(m) to a most likely symbol
value X(n) comprises steps of:

selecting a value m=m, which corresponds to min[P(m)];

and

mapping m,, to the most likely symbol value X(n).

22. A method as claimed in claim 13, wherein the step of

applying the second function to each soft decision value X(n)
comprises a step of storing the respective most likely symbol
value X(n) corresponding to each possible soit decision value

X(n)=A in a look-up table.

G o e = x
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